The CCCH-type (C3H-type) zinc finger (Znf) proteins are specific transcriptional factors containing a typical motif with three cysteine residues and one histidine residue. Increasing evidence suggests that members of this family play important roles in many biological processes functioning in RNA processing as RNAbinding proteins. To date, few plant C3H genes have been functionally characterized. In the present study, a comprehensive analysis of C3H-type Znf genes was performed in grapevine (Vitis vinifera L.). A total of 69 C3H genes were identified in V. vinifera (VvC3H1-69), which clustered into 12 distinct phylogenetic subgroups. These genes were unevenly distributed on 19 grapevine chromosomes with 13 segmental duplication pairs and one tandem duplication pair. Thirty-eight VvC3H proteins were predicted to putatively participate in nucleon-cytoplasm shuttling and one was identified as a typical RNA-binding protein. Expression profiling of the C3H genes indicated a pattern of differential expression of retained paralogous gene copies within V. vinifera. The information and data provided in the present study contributes to understand the evolutionary processes and potential functions of this gene family in grapevine growth and development, and responses to abiotic stress. The functional divergence and relationship to abiotic stresses of duplicate genes present in this family serves as a starting point.
V
arious kinds of abiotic stress, such as drought, salinity, and high or low temperatures, have dramatic effects on plant growth and development, and crop productivity (Wang et al., 2003) . Numerous genes, induced by a single or multiple stresses, regulate gene expression and are involved in signal transduction as part of the plant response to the environmental stresses (Kizis et al., 2001) . Transcriptional regulation of gene expression plays a critical role in controlling many important biological processes, such as cellular morphogenesis, growth and development, and environmental stress responses (Riechmann et al., 2000) .
In plants, the Znf family is one of the largest transcription factor (TF) gene families (Hall, 2005) . Genes in this family are characterized by common Znf motifs in which cysteines and/or histidines interact with zinc ions to form specific functional local peptide structures (Moore and Ullman, 2003) . Based on their structural and functional diversity, Znf proteins have been categorized into at least 14 families, including LIM, ERF, WRKY, DOF, and RING-finger families, that regulate gene expression with the aid of DNA-binding or protein-binding proteins (Kosarev et al., 2002; Lijavetzky et al., 2003; Wu et al., 2005; Nakano et al., 2006; Arnaud et al., 2007) .
A new type of plant zinc-finger protein, coded by the C3H gene family, however, differs from other plant zinc-finger TFs by regulating gene expression via directly binding to mRNA rather than DNA . The C3H-type Znf proteins contain one to six C3H-type Znf motifs consisting of three cysteines and one histidine (Blackshear, 2002; Liang et al., 2008) . A consensus sequence for these motifs has been defined as C-X 4-17 -C-X 4-6 -C-X 3 -H (X represents any amino acid) based on the whole-genome analysis of rice (Oryza sativa L.), Arabidopsis [Arabidopsis thaliana (L.) Heynh.], and maize (Zea mays L.) C3H proteins Peng et al., 2012) .
Although most of the other Znf families have been confirmed to be DNA-binding or protein-binding proteins (Bai and Tolias, 1996) , increasing evidence has demonstrated that C3H Znf proteins exhibit RNA binding activity not only in both animals and plants. Human tritetraproline (hTTP), a C3H-type protein, can bind to the class II adenylate uridylate-rich element-rich element (ARE) in the 3¢-untranslated region (3¢-UTR) of tumor necrosis factor a (TNFa) mRNA and thereby, in most cases mediate TNFa mRNA degradation (Lai et al., 1999; Lai et al., 2000) . Mouse tritetraproline, a protein containing two C3H Znfs, binds directly to AUrich elements within the 3¢-UTR of target transcripts to facilitate mRNA degradation (Lai et al., 1999; Lai et al., 2000; Lai et al., 2003) . Other C3H proteins can control the translation of their target mRNAs, as shown in Drosophila protein ZC3H3 that regulates mRNA nuclear adenylation and export (Hurt et al., 2009 ). AtCPSF30, the Arabidopsis ortholog of the 30 kDa subunit of the cleavage and polyadenylation specificity factor, was shown to be a nuclear-localized RNA-binding protein that binds calmodulin (Becerra et al., 2004) .
The evidence increasingly indicates the participation of C3H genes in the response of plants to abiotic stresses Ko et al., 2009; Wang et al., 2010) . The Znf proteins AtSZF1 and AtSZF2, induced by salt stress, have been demonstrated to be involved in modulating salt stress tolerance in Arabidopsis (Sun et al., 2007) . Overexpression of a cotton GHZFP1 gene in tobacco was reported to enhance tolerance to drought, salt, and salicylic acid stress, and resistance to fungal disease (Guo et al., 2009) . Another Znf protein, OsDOS in rice, was reported to delay leaf senescence by integrating developmental cues to the jasmonate pathway (Kong et al., 2006) . Group IX members of Arabidopsis C3H proteins and Group III members of maize C3H proteins were shown to be involved in conferring plant tolerance to different stresses such as drought, salt, cold shock, and abscisic acid (ABA; Wang et al., 2008; Peng et al., 2012) .
Despite the diverse roles and apparent importance of C3H-type Znf proteins in various aspects of plant growth and development, whole genome information about these genes is available in only a few species, such as Arabidopsis, rice, and maize Peng et al., 2012) . Characterization of the C3H gene family in the V. vinifera genome, which is basal to all eurosids. In addition, the cultivated modern Eurasian grape species has no g whole genome duplications that are common to most euroasid plants (Dzhambazova et al., 2009) . In the present research, a genome-wide bioinformatic analysis of the grapevine C3H zinc-finger gene (VvC3H) gene family was conducted along with a global analysis of their expression in relation to growth and development, and response to a variety of environmental stresses. The results of the study provide an important foundation for further investigating the functional roles of C3H Zincfinger proteins in grapevine.
Materials and Methods

Identification and Sequence Analysis of C3H Proteins in Grapevine
Identification of nonredundant VvC3H Znf proteins was performed using a HMMER analysis. The annotated V. vinifera genome (v. 2) was downloaded from the Grape Genome CRIBI Biotech Centre (CRIBI Genomics, http:// genomes.cribi.unipd.it/grape/, verified 8 Sept. 2014). To identify C3H proteins, a HMM profile of the C3H domain (PF00642) was first downloaded from Pfam (http://pfam. sanger.ac.uk/, verified 8 Sept. 2014; Punta et al., 2012) . Then, HMMER (Eddy, 1998) was used to search the customized database containing the protein sequences in the V. vinifera genome. The candidate HMMER-selected sequences were further confirmed by Pfam (PF00642) and SMART (Sm00356; http://smart.embl-heidelberg.de/, verified 8 Sept. 2014; Letunic et al., 2009) . Proteins with the presence of C3H domain with confidence (E-value < 1.0) were considered as C3H proteins. All identical sequences were checked manually to remove redundant sequences. The same HMMER approach was also used to find other protein domains in the 69 C3H proteins, including ANK (ankyrin repeat domain, PF12796), WD-40 (PF00400), KH (K homology domain, PF00013), RRM (RNA recognition motif, PF00076) and ZF-Ring (ring-type Znf domain, PF13639). The predicted amino acid sequence, molecular weight (kDa), GRAVY, and isoelectric point of each gene were calculated using the web-based ExPASy programs (Wilkins et al., 1999 ; http:// www.expasy.org/tools/, verified 8 Sept. 2014).
Sequence Alignments and Phylogenetic Analysis
Full-length C3H protein sequences of V. vinifera, A. thaliana, and O. sativa were aligned using ClustalX v.1.83 (Thompson et al., 1997) . Phylogenetic trees were constructed using MEGA5.0 (Tamura et al., 2011) . The neighbor-joining (NJ) method was used to construct different trees with the pairwise deletion option. For statistical reliability, bootstrap analysis was performed with 1000 replicates to evaluate the significance of each node. Moreover, sequence logos for the C3H Znf motifs were produced using the web-based Web Logo software (http://weblogo.berkeley.edu/logo.cgi, verified 8 Sept. 2014; Crooks et al., 2004) .
Exon-Intron Structure Analysis
A diagram of the exon-intron structure in the VvC3H genes was constructed using the web-based software, Fancy Gene v.1.4 (http://bio.ieo.eu/fancygene/, verified 5 Sept. 2014; Guo et al., 2007) . As several introns in the genes were relatively long, only the coding exons were drawn to scale.
Chromosomal Distribution of VvC3H Genes
Genome annotation data downloaded from CRIBI Genomics was used to place VvC3H genes were placed on specific grapevine chromosomes. The location of the genes was based on their starting positions as indicated generated by MapInspect software (available at http://mapinspect. software.informer.com/, verified 11 Sept. 2014).
Tandem Duplication and Synteny Analysis
The information for segmental duplication was obtained from the Plant Genome Duplication Database (PGDD, http://chibba.agtec.uga.edu/duplication/index/blast, verified 8 Sept. 2014; Tang et al., 2008a; Lee et al., 2013) . The tandem duplicate genes were identified and defined as an array of two or more genes that were in the same phylogenetic group and found within a 100-kb genomic window (Yang et al., 2008a) . Segmental and tandem duplications, and transposition events all contribute to gene family expansion (Cannon et al., 2004) . Transposition occurs when a segment from one chromosome becomes misaligned with the corresponding segment from the other chromosome (Liu et al., 2010) . Since it is difficult to identify transposition events based on gene sequence analysis, the present study focused on segmental and tandem duplication.
The number of synonymous substitutions per synonymous site (Ks) of duplicated genes was calculated by PGDD. To estimate time of the occurrence of duplication events, Ks value were translated into duplication time in millions of years ago (Mya) based on a rate of l substitution per synonymous site per year. The duplication time (T) was calculated as T = Ks/2l ´ 10 -6 Mya (l = 6. 5 × 10 -9 for grapevine; Gaut et al., 1996) .
Prediction of Promoter Sequence and Cis-Elements
The PlantCARE website (http://bioinformatics.psb.ugent. be/webtools/plantcare/html/, verified 8 Sept. 2014) was used to identify putative cis-acting regulatory DNA elements (cis-elements) in promoter regions of C3H genes. Cis-elements were identified within the 1000 bp genomic DNA sequence upstream of the initiation codon (ATG; Rombauts et al., 1999) . Comparative analysis of promoter regions was performed using the GATA program (Nix and Eisen, 2005) , with window size of seven and lower cutoff score of 12 bit.
Analyses of C3H Gene Expression
Robust multiarray average normalized microarray expression data was downloaded from the Plant Expression Database (http://plexdb.org/, verified 8 Sept. 2014).
The analysis included four microarray experiments, including response to salt, drought, cold, and oxidative stresses, as well as the application of ABA. The Affymetrix GeneChip 16K V. vinifera (Grape) Genome Array was used to evaluate Experiments VV1 (Coito et al., 2012) , 2 , 17 (Koyama et al., 2010) , and 29 (Carvalho et al., 2011) . Normalized transcript expression data of VvC3H genes except for VvC3H1, was analyzed in 54 different tissues of grapevine (GSE36128; Fasoli et al., 2012) using Gene Expression Omnibus datasets (http:// www.ncbi.nlm.nih.gov/gds/, verified 5 Sept. 2014). A basic local alignment search tool (BLAST) search was conducted to identify corresponding probes for given C3H genes. Probe sequences were obtained from the Affymetrix website (http://www.affymetrix.com/, verified 8 Sept. 2014), and multiexperiment viewer (MeV) software (Saeed et al., 2006) was used to produce a heat map.
Results
Identification and Characterization of C3H Proteins in Grapevine
A HMMER analysis software (Eddy et al., 1998) was used to identify the C3H proteins in the V. vinifera genome database. A total of 69 nonredundant C3H genes (designated VvC3H1 to VvC3H69, Supplemental Table  S1 ) were identified and their characteristics are listed in Supplemental Table S2 . The composition of 69 C3H proteins vary from 113 (VvC3H16) to 2203 (VvC3H65) in amino acids with the isoelectric point varying from 5.15 (VvC3H6) to 9.52 (VvC3H20). The Znf domain is highly conserved in VvC3Hs with a total of 153 C3H Znf domains in all 69 V. vinifera C3H proteins (Fig. 1A) . The C3H proteins in grapevine have 1 to 6 C3H-type Znf domains composed of the characteristic three cysteines and one histidine. Therefore, the VvC3H proteins were divided into six groups based on the number of C3H domains in the gene. Approximately 65% of the VvC3H proteins have one or two C3H domains, while 16% contain three copies and 10% have five copies (Fig.  1B) . The C-X 5,7 -C-X 4 -C-X 3 -H domain is the largest group of domains among the 20.2% uncommon C3H Znf domains (Fig. 1C) . The C3H Znf domains, C-X 8 -C-X 5 -C-X 3 -H (47.1%) and C-X 7 -C-X 5 -C-X 3 -H (32.7%), were found to be the most abundant. Interestingly, 38 VvC3H proteins were found to contain putative nuclear export signal (NES) sequences (Supplemental Table S3 ) which was interpreted as support for them being nucleocytoplasmic shuttle proteins . Furthermore, only one VvC3H protein, VvC3H17, was found to contain two tandem C-X 8 -C-X 5 -C-X 3 -H domains separated by 18 amino acids.
Seventy-two C-X 8 -C-X 5 -C-X 3 -H domains and 50 C-X 7 -C-X 5 -C-X 3 -H VvC3H domains were aligned to generate sequence logos and compared to those C3H domains in Arabidopsis and rice. All of the homodomains (C-X 7,8 -C-X 5 -C-X 3 -H) of grapevine, Arabidopsis, and rice share a very similar distribution of conserved amino acids, and the position of the four amino acids (three cysteines and one histidine) are completely conserved among all the C-X 7,8 -C-X 5 -C-X 3 -H homodomains (Fig. 2) . Differences, however, were observed in the combined sequence logos for C-X 7,8 -C-X 5 -C-X 3 -H domains among Arabidopsis, rice, and grapevine. For example, lysine was more conserved than alanine at position C 3+3 of the C-X 7 -C-X 5 -C-X 3 -H domain in grapevine, while alanine is more conserved at that position in the combined sequence logo of rice and Arabidopsis (Fig. 2 ).
Phylogenetic and Structural Analysis of VvC3H Proteins
VvC3H proteins were divided into 12 groups, designated Group I to XII (bootstrap values > 50%) based on the phylogenetic tree of the full-length sequences of all 69 (Fig. 3A) . A total of 25 sister pairs of putative paralogous genes were found among the 69 VvC3H genes, and 13 of them had high bootstrap support (³99%). Some C3H genes had low bootstrap values in deep nodes resulting in an unclear relationship to the other C3H genes and so were not taken into consideration. Groups IX, X, XI, and XII showed relatively longer branches than other groups in the phylogenetic tree and so were located at the outer portions of the tree, indicating that the gene members in these four groups had relative ancient origins.
An analysis of exon-intron structure that compared the predicted coding sequence of the VvC3H genes with the genomic sequence supports results in the construction of the phylogenetic tree (Fig. 3B) . In general, except for a few of the VvC3H genes, genes clustered in the same group displaying similar exon-intron structures. For example, VvC3H12, 13, and 15 in Group IV contain two introns, whereas VvC3H33 contains no intron. Furthermore, the range of exon length is very extensive. These observations reflect the high diversity of sequences and putative functions within the C3H Znf protein family.
To further explore the diversity of C3H genes in grapevine, another five putative motifs, ANK, WD-40, KH, RRM, and ZF-Ring (Fig. 3C) were also identified. The majority of C3H proteins in a given phylogenetic group have a similar distribution and composition of motifs. Notably, WD-40 and KH motifs were only found in Groups I and IV in the phylogenetic tree, respectively. Moreover, the database search revealed that only six genes coding Znf proteins with ANK repeats are present in V. vinifera genome, five of which are within the C3H Group VII (Fig. 3A) . It is also worth noting that 11 of the C3H proteins contain an RRM motif, four of which were located in Group III and two in Group VIII, while the remaining were distributed in the ambiguous branches. Additionally, two members containing a ZF-Ring motif were also located in ambiguous branches. In summary, the analysis of C3H genes in grapevine and other species indicate that the motif compositions of the C3H genes have been conserved during evolution.
Phylogenetic Analysis of the C3H Genes among Grapevine, Arabidopsis, and Rice
To investigate the molecular evolution and phylogenetic relationships among C3H proteins in grapevine, Arabidopsis, and rice, a NJ tree, based on an alignment of the complete amino acid sequences of all 204 C3H proteins from the three species, was constructed. The resulting tree divided the 204 members into 33 well-supported clades, named from 1 to 33, based on high bootstrap support (500 repetitions; Fig. 4) .
Most of the VvC3H genes clustered with their rice or Arabidopsis counterparts with high bootstrap support (Fig. 4) , indicating that some ancestor C3H genes may have existed before origin of monocots. Except for Groups 8, 14, 26, and 31, all group members were made up of both dicot (grapevine and Arabidopsis) and monocot (rice) genes, which suggests the existence of a common ancestor before the divergence of dicots and monocots. Groups 8 and 26 were species-specific groups containing only grapevine or Arabidopsis C3H genes, respectively. Group 14 and 31 consists of grapevine and Arabidopsis C3H genes, but not rice genes. This observation indicates that there was a presumed rice-specific loss of a C3H gene after the dicot-monocot split, or eurasid-specific innovation. 
Chromosomal Distribution and Gene Duplication
To further investigate the relationship between genetic divergence within the C3H family in V. vinifera and gene duplication, each C3H gene was located to on a chromosome based on the genomic sequence of V. vinifera. Sixty-eight genes were assigned to 19 chromosomes but with an uneven distribution (Fig. 5) . Chromosomes 6 and 13 both contained the maximum of 7 VvC3H genes, followed by chromosomes 11 and 14 which both had 6. In contrast, chromosomes 2, 5, 15, and 17 contained only one VvC3H gene. One C3H gene (VvC3H25) was located on a currently unattributed scaffold fragments.
Combined the location data with the phylogenetic analysis, it appeared that a total of 24 VvC3H genes were involved in the same region of segmental duplications region (Supplemental Table S4 ). The highest frequency of segmental duplication events occurred between chromosomes 6 and 13, chromosomes 6 and 8, and chromosomes 8 and 13, which each contained two segmental duplication events. No duplication events occurred among the four C3H genes on chromosome 18. Only two C3H genes (VvC3H49 and 67), located on chromosome 10, were identified as tandem genes. The segmental duplications of the C3H genes in V. vinifera occurred from 71 Mya (Ks = 0.92) to 198 Mya (Ks = 2.57), with the median value being 114 Mya (Ks = 1.48), the Ks of tandem duplications of C3H genes was 0.13, dating the duplication event at 10 Mya. The two segmental duplication events, VvC3H6/7 and VvC3H39/40, occurred at the same time (111 Mya).
Temporal-Spatial Expression Analysis of VvC3H
Genes during Growth and Development Differential levels of expression level of paralogous gene pairs of VvC3H genes can reflect a divergence in the pattern of expression developed during the course of evolution. The syntenic analysis of the VvC3H gene family focused on transcript expression levels of 22 VvC3H genes with 14 gene pairs in 54 different tissues of grapevine to investigate expression pattern divergence (Supplemental Table S5 ).
In Group I, two paralogous genes (VvC3H49/67) were found to be differentially expressed in different tissues. VvC3H67 exhibited low expression in all tissues, while VvC3H49 had a moderate level of expression in berry pericarp-PHWIII (postharvest withering third month) and berry flesh-PHWIII (Fig. 6A) . In Group II, VvC3H8, in the gene pair of VvC3H8/10 was only expressed only in berry pericarp-PHWIII, berry flesh-PHWIII, and berry skin-PHWIII, while the expression of its corresponding gene (VvC3H10) was significantly lower in all tissues (Fig. 6A) . In Group III, VvC3H63 was expressed only in stamen and seed-PFS while expression of its orthologous gene (VvC3H50) expressed in the rachis, tendril, leaf, bud, seedling, and root. In Group IV, VvC3H12 was mainly expressed in berry flesh, berry skin, and bud tissues, while VvC3H13 was only expressed in seed and bud, and VvC3H15 exhibited the higher levels of expression than the other two genes in berry skin and bud tissues (Fig. 6A) . Two paralogous gene pairs (VvC3H3/5 and VvC3H6/7) were observed in Group VI. VvC3H3 was abundantly expressed in flower-F (50% caps off), stamen, petal, and pollen, while its paralogous gene, VvC3H5, displayed low expression in those tissues. Further, VvC3H6 and VvC3H7 exhibited abundant expression in all tissues but expression of VvC3H7 was significantly lower than VvC3H6 in pollen, berry pericarp, berry flesh, and berry skin (Fig. 6A) . Multiple paralogous gene pairs (VvC3H34/37 and VvC3H39/40/45) were found in Group VII. VvC3H37 was highly expressed in all tissues, while expression of VvC3H34 was significantly reduced in flower, stamen, petal, pollen, carpel, and berry. Similar to VvC3H34/37, VvC3H40 was abundantly expressed in all tissues, while VvC3H39 showed low expression levels in most tissues. Expression of the third paralogous gene, VvC3H45, exhibited reduced expression in berry flesh-R (ripening), berry skin R/PHWI, seed-MR (mid-ripening), and bud-W (winter). In Group XII, VvC3H11 and VvC3H17 both showed low but variable levels of expression relative to each other (Fig. 6A) . Other members of the VvC3H gene family exhibited different expression patterns within or between groups. For example, in the Group I, VvC3H26, 25, and 28 were highly expressed in all tissues; however, VvC3H66, 68, 62, and 61 exhibited low expression level in most tissues (Fig. 6B) . In Group X, VvC3H47 and 54 also displayed differential pattern of expression (Fig. 6B) . Additionally, in Group VII, the expression of VvC3H38 and 41 was significantly lower in all tissues compared with the level of expression of VvC3H55 and 58, which are members of Group IX (Fig. 6B) . Some examples of tissue-specific expression were also observed. VvC3H23, which is not a member of any of the designated clades in the phylogenetic tree, was abundantly expressed specifically in stamen and pollen. Additionally, VvC3H66 of Group I and VvC3H41 of Group VII were the most abundant in stem-W and seed-PFS, respectively (Fig. 6B ).
Expression Analysis of VvC3H Genes in Response to Different Environmental Stresses and to the Application of ABA
The microarray data (Supplemental Table S6 ) obtained from the Affymetrix Gene Chip 16K V. vinifera Genome Array (Fig. 7) enabled the analysis of the expression of 30 VvC3H genes. The expression profiles of the 30 VvC3H had been investigated in response to various experimental treatments, including several abiotic stresses Grimplet et al., 2007; Carvalho et al., 2011; Coito et al., 2012) and exogenous ABA (Koyama et al., 2010 ). Short-term experiments were conducted to examine the response of grape to salt, polyethylene glycol (PEG), and cold (5°C). The response to water deficit was analyzed at 0, 1, 4, 8, and/or 24 h; the response to salinity treatments was analyzed at 4, 8, 12, and 16 d, the response to exogenous ABA was analyzed at 3 and 10 d; and oxidative stress treatment was monitored over a period of 48 h.
In the microarray data for the salt treatment, 12 VvC3H genes exhibited increased expression (>3.0-fold change). These VvC3H28 in Group I, VvC3H46 in Group III, VvC3H13/15 in Group IV, VvC3H37/53 in Group VII, and VvC3H19/51/52/59/64 that were not clustered in any group. Among these genes, VvC3H13, VvC3H52, and VvC3H59 showed their highest level of expression at 24 h after the salt treatment was applied, exhibiting fold-changes of 22.6, 4.9 and 4.5, respectively. Notably, VvC3H7/59 was slightly down-regulated at 1 to 8 h after the salt treatment and then its expression increased 4.0-fold by 24 h. VvC3H7 showed a similar pattern in response to the PEG treatment. The 17 other VvC3H genes also had fold increases >3.0 in response to the PEG treatment, especially VvC3H13/37, which exhibited a 23.7 and 31.8-fold increase in expression, respectively, at 24 h, relative to the control. Twelve VvC3H genes exhibited a >3-fold increase in expression in response to a cold treatment of 5°C. Most notable, VvC3H41/53 in Group VII and VvC3H55 in Group IX, were up-regulated 12.6-, 17.3-, and 21.9-fold, respectively, relative to the control which was not exposed to low temperature ( Fig. 7 ; Supplemental Table S6 ).
The expression of most of the VvC3H genes showed a similar trend in their response to water deficit and salinity treatment as was observed in the short-term experiments described above. After 16 d of water deficit or salinity treatments, 14 VvC3H genes exhibited their highest levels of expression. Water deficit and salinity, however, induced different expression patterns in some genes. For example, after 8 d of water deficit treatment, VvC3H18 expression was 49.9-fold greater than in the unstressed control, while after 8 d of salinity treatment, VvC3H18 was significantly down-regulated 30.9-fold relative to the unstressed control (Fig. 7) . Furthermore, when exogenous ABA was applied, only VvC3H41 gene showed significant up-regulation, with a 4.3-fold change increase relative to the control after 10 d (Fig. 7) . In response to oxidative (H 2 O 2 ) stress, two VvC3H genes, VvC3H48 and VvC3H53, exhibited a 2.6 and 1.5 increase in expression, respectively (Fig. 7) .
Analysis of the Promoter Region in Some VvC3H Paralogs
The expression patterns of paralogous gene pairs in grapevine obtained in the present study clearly suggest a divergence in function after duplication, especially in response to abiotic stresses and hormones. Therefore, the presence of putative stress-responsive cis-elements in the promoter regions of the nine V. vinifera C3H genes (VvC3H6/7/12/13/15/39/40/48/53) was investigated. Five types of cis-elements were detected. These included the heat shock responsive element (HSE), a MYB binding site (MBS) involved in drought-inducibility, a low-temperature responsive element (LTR), an ABA responsive element (ABRE), and a salicylic acid responsive element (TCA-element; Holmgren et al., 1981; Pelham 1982; Pla et al., 1993; Dunn et al., 1998; Narusaka et al., 2003) . Each of the nine VvC3H genes contains at least one type of the mentioned cis-elements in their promoter sequences. These elements may play a role in the inducibility of these genes by abiotic stress and ABA (Fig. 8A) . Furthermore, surprising differences were observed in the number and types of cis-elements present in each paralogous gene pair. A comparison of the promoter regions of paralogous gene pairs indicated a divergence, although conserved regions and microsynteny were also observed (Fig. 8B) . Future experiments in detecting whether deletions and mutations of the promoter region will be conducted to determine if divergence in the promoter region of these genes is responsible for the expression diversity reported in present study.
Discussion
C3H Gene family in Grapevine
Previous studies have shown that the C3H proteins play important roles in many aspects of plant growth and development. The C3H gene family has been surveyed in poplar (Populus trichocarpa Torr. & A. Gray), maize, barrel medic (Medicago truncatula Gaertn.), Arabidopsis, and rice Chai et al., 2012; Peng et al., 2012; Zhang et al., 2013) . Grapevine contains 69 C3H Znf genes and 153 C3H domains in which is similar to the numbers in Arabidopsis (67, 152) and rice (68, 150; Wang et al., 2008; Fig. 1A) . Grapevine also possesses the same seven types of C3H motifs as Arabidopsis and rice. Among the C3H domains in grapevine, 79.8% are C-X 7-8 -C-X 5 -C-X 3 -H, which is similar to the percentage observed in barrel medic (90%; Zhang et al., 2013) , maize (79.4%; Peng et al., 2012) , Arabidopsis (83%), and rice (77%; Wang et al., 2008; Fig. 1B) . These C3H motifs, C-X 7-8 -C-X 5 -C-X 3 -H, represent the highest percentage of motifs found in poplar (Chai et al., 2012) . These trends imply that the C3H motifs in grapevine, barrel medic, maize, and poplar are highly conserved. The composition of the C3H gene family in Arabidopsis and rice are has been highly conserved during the course of evolution, indicated that the C-X 7-8 -C-X 5 -C-X 3 -H domains may be critical to the function of the C3H proteins. Although the C3H domain is highly conserved, the number of C3H domain, the spacing between adjacent C3H domains in a gene sequence and adjacent cysteines in the Znf motif in each gene are highly diverse . Cai et al. (2013) have reported that the ancestral genes containing the various C3H domain structures appear early in evolution, and that these structures have been maintained throughout evolution (Cai et al., 2013) .
A recent report indicated that 79.4% of the Arabidopsis C3H genes may be nucleocytoplasmic shuttle proteins because the genes contain a leucine-rich NES that seems to be essential for trafficking of the C3H proteins from the nucleus to the cytoplasm . Pomeranz et al. (2010a) experimentally confirmed that the Tandem Zinc Finger (TZF) family, which includes 11 C3H genes, all of which contain NES sequences, can indeed shuttle between the nucleus and cytoplasm in Arabidopsis. In grapevine, 38 VvC3H proteins, which represents 55% of the total number of VvC3H proteins, contain putative NES sequences (Supplemental Table S3 ). Therefore, there is a strong likelihood that they are also nucleocytoplasmic shuttle proteins. Among these VvC3H proteins, only VvC3H17 contains two tandem C-X 8 -C-X 5 -C-X 3 -H domains separated by 18 amino acids, which is regarded as the typical for TZF family proteins (Blackshear, 2002; Pomeranz et al., 2010b) . Additionally, VvC3H17 might bind to a class II ARE element in the 3¢-UTR of target mRNAs that have a short half-life thus promoting their deadenylation and degradation (Lai et al., 1999 (Lai et al., , 2000 .
Expansion Pattern of the VvC3H Gene Family
The present-day grapevine haploid genome is considered to have originated from the contribution of three ancestral genomes (Jaillon et al., 2007) . Grapevine chromosomes can be easily assorted in triplets because the expected triplet gene order has persisted for many tens of millions of years (Jaillon et al., 2007; Van de Peer et al., 2009) . The 19 grapevine chromosomes are evolutionary stable structures: their homologous triplets consisting of two Vc and one Va chromosomes, have a highly conserved gene order that is only interrupted by rare translocations (Malacarne et al., 2012) . Thirteen paralogous VvC3H pairs were identified in the genome of V. vinifera by searching PGDD. Interestingly, VvC3H12/13/15 and VvC3H39/40/45 are located on triplet chromosomes, which, as stated, are derived from the contribution of one Vc and two Va genomes to the grapevine haploid genome (Malacarne et al., 2012) . Ancestral linkage groups tend to be dispersed on many rearranged chromosomes, with genomes having undergone wholesale losses of many genes (Bowers et al., 2003; Yang et al., 2008b) . Based on this premise, we hypothesized that the other paralogous VvC3H pairs with only two copies was caused by gene loss during the rearrangement of chromosomes; however, losses of genes which had once been part of the Va or Vc genome cannot be ruled out. Genome fusion and duplication leading to polyploidy has played a major role in angiosperm evolution (Soltis et al., 2008; Tang et al., 2008b) ; therefore, these duplications may have also resulted from the genome fusion and postfusion shuffling, rather than segmental duplications.
In the present study, 13 VvC3H duplication pairs were identified, nine (69.23%) of which were estimated to have occurred between 102 and 150 Mya. These duplications occurred substantially later than the time when the evolutionary lineage of dicots and monocots divided, circa 150 Mya ago (Chaw et al., 2004) . This suggests that the C3H gene family expanded after the eudicot and monocot divergence. Our results also indicate that, among the duplication events in the VvC3H gene family, the gene pairs that appeared to be derived from segmental duplication events occurred earlier than those that arose from tandem duplication. The large number of gene duplication events that occurred in the C3H gene family in grapevine (Fig. 5, Supplemental Table S4 ), resulting in the expansion of this gene family, will serve as an excellent resource and model to explore the evolution and functional divergence of genes.
Functional Divergence of VvC3H Genes
Zhang (2003) confirmed that not all duplication events are stable, but instead can be fixed or lost in the population due to selection pressure and evolution (Zhang, 2003) . If the duplication events occur at a favorable time and in highly expressed genes, they will most likely be retained, but other duplication events that are not useful to the organism because of functional redundancy, or even a negative effect on plant development, will either be deleted from the genome or become functionally diverged after the duplication (Guo et al., 2014) . Divergence in the temporal-spatial patterns of expression and response to various environmental stresses has been considered as a major reason for retaining duplicated genes in a genome (Gu et al., 2002) .
There are 14 pairs of duplicated C3H genes in grapevine (Fig. 5, Supplemental Table S4 ). These pairs of genes exhibited quite different levels of expression in different tissues and in response to different abiotic stresses and hormones. The expression of VvC3H13 was shown to be dramatically up-regulated by 22.6-fold and 23.7-fold in response to salt and drought stresses, respectively, while the closely-related VvC3H15 gene showed little response to these two stresses. This suggests that these genes have functionally diverged after duplication . VvC3H53, which is closely related to the stress-responsive genes ATSZF1 (AtC3H29) and ATSZF2 (AtC3H47) previously identified as stress-respond genes (Sun et al., 2007) , was strongly induced in response to salt, PEG, and cold treatments at the later time points analyzed, whereas VvC3H48 was significantly downregulated in response to the PEG treatment. Although the segmental duplicated genes, VvC3H12, 13, and 15 peaked in their level of expression at the same time point in response to salt, PEG, and water deficit stresses, the timing of the up-regulation was very variable. The same response was also observed in the segmental C3H gene pairs, ZmC3H4 and ZmC3H28 in maize (Peng et al., 2012) . Therefore, VvC3H12, 13, and 15 genes may have redundant, but diverging functions based on the variation in the timing of their response to abiotic stress. Additional experiments are needed to further examine their biological functions.
By comparing the difference in the level of expression of paralogous gene pairs in 54 different tissues, it was apparent that a functional divergence had occurred in these retained paralogous gene copies in grapevine in regards to growth and development. The variable patterns of expression of the paralogous gene pairs may be due to a functional divergence that has occurred during the evolutionary history of the C3H family in grapevine. Expression profiling, showing differential expression patterns for paralogous VvC3H genes, provides a blueprint for further characterization of these genes in grapevine.
Adaptation Requirements Driving VvC3H Gene Duplication
VvC3H genes which belong to the same group based on their relatively conserved motif compositions, may have similar functions, and those motif structures might play a crucial role in group-specific functions. For example, RRM and KH are common RNA-binding motifs in eukaryotes (Lai et al., 2000) . Moreover, proteins with RRM and KH domains have been found to play essential roles in many aspects of RNA metabolism, suggesting that the 15 C3H proteins harboring these motifs might be duplicated as an adaption to RNA-binding and RNA processing requirements in the grapevine genome. Additionally, the ANK repeat motif is one of the most common protein-protein interaction motifs, has been found in proteins with different functional roles, such as transcriptional initiators, ion transporters, and signal transducers (Bork, 1993; Lin et al., 1999; Mosavi et al., 2002; Becerra et al., 2004) . These data suggest that the duplicated proteins in grapevine containing an ANK motif evolved as an adaptation to many different processes of growth and development in grapevine.
Gene duplication is the main driver of adaptive evolution (Ohno, 1970) . Typically, the maintenance of the several gene copies resulting from gene duplications leads to a functional specialization that provides a greater chance to adapt to environmental changes (CohenGihon et al., 2011) . This adaptive divergence is frequently reflected in the expression pattern of duplicated genes (Gu et al., 2004) . The expression of genes that are duplicated by polyploidy (termed homeologs) can be partitioned between the duplicated genes so that one copy is expressed and functions only in some organs while the other copy is only expressed in other organs, which is indicative of a subfunctionalization (Adams et al., 2003) . This type of adaptive divergence is again reflected by changes in the expression pattern of homologous gene pairs. VvC3H48 and VvC3H53, a duplicated gene pair are expressed during organ development (leaves and shoot tips) and in response to abiotic stress treatments, including salt, PEG, cold, water deficit, and oxidative stress. VvC3H48 is more highly expressed in shoot tips during a salinity treatment relative to VvC3H53, whereas VvC3H53 is more highly expressed in shoots and leaves in response to PEG stress. These observations indicate that a subfunctionalization divergence has occurred in the VvC3H48 and VvC3H53 gene pair after duplication. Since changes in the promoter regions of duplicated genes can lead to subfunctionalization (Force et al., 1999) , the regular mechanism of functional divergence in the C3H paralogous genes of grapevine maybe related to changes in the promoter regions which experience rapid evolution in response to abiotic stresses. Functional divergence in duplicated genes, as reflected by different patterns of expression in response to environmental stress, may support the retention of duplicated genes during subsequent evolution.
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